ABSTRACT: The seasonal distribution of harbour porpoises in the German North Sea was investigated, hot spot areas were identified and the proportion of porpoises potentially affected by the imminent construction of offshore wind farms was estimated. Data were collected during dedicated aerial surveys conducted year-round between 2002 and 2006 following line transect methodology. Survey effort amounted to 44 739 km during which a total of 5121 harbour porpoises was detected, including 258 calves. Our data suggest that porpoises move to distinct areas on a seasonal basis as their biological requirements change. They move into German waters in early spring, reach high numbers in early summer and move out of the area in autumn. The abundance estimates for the German exclusive economic zone and 12 n mile zone were highest in spring (55 048 animals; 95% CI: 32 395 to 101 671) and summer (49 687 animals; 95% CI: 29 009 to 96 385) and lowest in autumn with 15 394 animals (95% CI: 8906 to 29 470). Important aggregation zones were detected in offshore waters: in spring, 2 hot spots, Borkum Reef Ground and Sylt Outer Reef (SOR), were identified as key foraging areas. In summer, only the large hot spot SOR persisted, causing a strong north-south density gradient. In autumn, porpoises were more evenly distributed. Most mother-calf pairs were observed during spring and summer in the SOR, underlining its importance as a foraging area when reproductive costs are high. Spatial overlap exists between important areas for porpoises and areas where offshore wind farms are currently licensed or planned. The proportion of the national stock possibly exposed to the construction noise of 18 licensed wind farms was estimated applying different scenarios. Within a 20 km zone of responsiveness -as worst case scenario -39% of the harbour porpoise stock in the German EEZ could be affected during construction.
INTRODUCTION
The scheduled construction of offshore wind farms in the North Sea could affect marine mammals (Madsen et al. 2006) . Major disturbances may arise from construction activities such as pile-driving and drilling, increased vessel traffic, pollutant emissions and stirred-up bottom sediments (Carstensen et al. 2006) . Thorough knowledge of the distribution, density and seasonal movements of species present in the area is one key to assessing and mitigating potential effects of these human activities.
Beyond doubt, the global response to climate change must involve a move to carbon-free sources of electricity (Schiermeier et al. 2008) . However, if current plans are realised, the construction of wind farms could be the greatest human impact in the North Sea next to fisheries (Hüppop et al. 2006) . The offshore wind industry in Germany has the most ambitious plans in the world: by June 2008, 18 wind farms were approved and 47 more farms are in the approval process (Fig. 1; BSH 2008) . The construction sites show spatial overlap with the designated 'sites of community importance', according to the Habitats Directive of the European Union ( Fig. 1) , and it is therefore imperative to obtain baseline data on marine mammal distributions in order to assess the risk of, and mitigate for, the impact of construction.
The southeastern North Sea is an area with a wide range of human activities (Ducrotoy et al. 2000 , OSPAR Commission 2000 , Halpern et al. 2008 . The harbour porpoise Phocoena phocoena (Linnaeus, 1758) is the most common cetacean in the North Sea (Hammond et al. 2002) and the only cetacean species found regularly in German waters (Scheidat et al. 2004 , Siebert et al. 2006 . There is evidence that harbour porpoise abundance in the southeastern North Sea has declined since the 1940s (Smeenk 1987 , Reijnders 1992 , Camphuysen & Leopold 1993 . Various pressures have been identified, such as bycatch (Kock & Benke 1996 , Vinther & Larsen 2004 , prey depletion (Smeenk 1987) or habitat degradation due to chemical pollution (Siebert et al. 1999 , Wünschmann et al. 2001 , Beineke et al. 2005 , Das et al. 2006 . Recently, an increase in sightings as well as strandings has been observed in the southern North Sea (Camphuysen 2004 , Kiszka et al. 2004 , SCANS II 2008 . In 2005, the SCANS II survey in the North Sea and European Atlantic resulted in an estimate of 385 617 individuals (95% CI: 261 266 to 569 153) within a survey area of 1.4 mio. km 2 (SCANS II 2008) .
The harbour porpoise depends on sound for orientation and foraging (Teilmann et al. 2002 , Verfuss et al. 2005 ) and is very sensitive to different types of acoustic signals. Underwater noise is produced during construction, operation and dismantling of offshore wind farms. Especially during piling, hydraulic hammers create noise with considerable sound power levels (Nedwell & Howell 2004) . The same holds for dismantling when foundations are blasted off the sea floor after 20 yr of operation (Nedwell & Howell 2004) . The potential effects on harbour porpoises are hearing loss (either temporary or permanent), masking of natural noise, increased stress levels or abandonment of important habitat (Tougaard et al. 2003 , Carstensen et al. 2006 , Nowacek et al. 2007 , Weilgart 2007 , Lucke et al. 2009 ). Disturbance is the most commonly observed effect of noise on cetaceans (Richardson et al. 1995) . It could be significant if animals were to be displaced from areas that are particularly important for feeding, reproduction or care of young (NRC 2005) . However, the population-level impacts of such disturbance are largely unknown and would probably depend on the scale of the disturbance. Before the present study, two kinds of dedicated surveys assessed the abundance and distribution of harbour porpoises: (1) two large-scale surveys conducted in summer, covering the complete North Sea and adjacent waters in a synoptic way (July 1994 and July 2005 during the SCANS surveys; Hammond et al. 2002 , SCANS II 2008 , and (2) surveys of selected smaller areas for case studies, conducted during recent years on a monthly basis (Thomsen et al. 2006 (Thomsen et al. , 2007 or in the 1990s only in summer (Heide-Jør-gensen et al. 1993 , Siebert et al. 2006 ). Thus, a lack of basic data on harbour porpoise distribution in our study area has been acknowledged, as surveys either provided a snapshot of a precise time interval or a detailed picture for a fraction of the area of interest.
The aim of the present study was to obtain a spatially and temporally explicit picture of harbour porpoise distribution in the German North Sea in order to assess the overlap with the planned construction of offshore wind farms and the potential effect on this species. Therefore, dedicated aerial line transect surveys were conducted throughout the year during 5 consecutive years. The seasonal distribution patterns of harbour porpoises were assessed and focal areas identified. Spatial overlap of preferred areas with offshore wind farms was investigated and the proportion of the national stock possibly affected by the imminent construction of offshore wind farms in the German North Sea was estimated. The present study provides the baseline for future comparisons.
MATERIALS AND METHODS
Study area. The study area (41 045 km 2 ) ranged from 3°to 9°E and from 53°30' to 56°N and included the exclusive economic zone (EEZ) and the 12 nautical mile zone of the German North Sea. The bottom topography of this shelf sea region is characterised by the shallow Wadden Sea (<10 m) and the post glacial valley of the river Elbe (> 30 m), which extends from the Elbe estuary to the northwest and passes the Dogger Bank on the eastern side of Dogger Tail End (Becker et al. 1992 ). The hydrography is characterised by tidal currents and substantial gradients in salinity that are formed by the encounter of different water bodies. Two distinct water masses occur: the Continental Coast water mass is characterised by low salinity and low clarity and the Central North Sea water mass by high salinity, high clarity and a thermal stratification in summer (Becker et al. 1983) .
Data collection. Aerial surveys were conducted year-round between 20 May 2002 and 10 October 2006. The area was divided into 4 geographic strata (Fig. 2, Table 1 ). One survey stratum could usually be surveyed within 1 d (5 to 9 h of flying).
The methodology followed standard line transect distance sampling techniques (Buckland et al. 2001) . Surveys were flown along a systematic set of parallel transects (Fig. 2) placed either in east -west or north-south direction to run perpendicular to water ) at an altitude of 600 ft (183 m) in a Partenavia P68, a twinengine, high-wing aircraft equipped with 2 bubble windows to allow scanning directly underneath the plane. The survey team consisted of 2 observers, 1 data recorder (navigator) and the pilot. Communication between all team members was ensured via the intercom system. Sighting data were acquired simultaneously by the observers, each positioned on one side of the aircraft at a bubble window, scanning for animals with the naked eye. Observers rotated during breaks, i.e. every 2 to 3 h. The navigator entered all reported data directly into a laptop computer interfaced with a Global Positioning System (GPS). The aircraft's position was recorded every 2 s. Additionally, the start and end positions of the transect lines and the exact sighting positions were recorded.
A calm sea surface and good visibility are crucial during fieldwork as the harbour porpoise is one of the smallest cetacean species and shows an elusive behaviour at the water surface (Teilmann 2003) . Surveys were only conducted during Beaufort sea states 0 to < 3 and with visibilities > 5 km. Environmental conditions were recorded at the beginning of each transect and updated with any change. Conditions included (1) Beaufort sea state, (2) water turbidity (judged visually; 0 -clear water with several meters of visibility to 2 -very turbid, no visibility under the surface), (3) percentage of cloud cover, and for each observer side, (4) glare (angle obscured by glare and intensity of glare) and (5) the observer's subjective view of the likelihood that, given all of the conditions, they would see a harbour porpoise should one be present. These subjective conditions could be either good, moderate or poor.
Data recorded for each harbour porpoise sighting included: (1) angle of declination to the group, (2) estimated group size and (3) number of calves (individuals were classified as calves if their size was less than half the size of the adult). The declination angle was measured by hand-held inclinometers when the group passed abeam of the plane.
Other marine mammal species recorded during the study included seals (370 sightings; see Herr et al. 2009 for details), white-beaked dolphin and minke whale (2 sightings each).
Data analysis. All data recorded in poor conditions were excluded from subsequent analysis. To estimate the proportion of animals missed on the transect line, the racetrack data collection method was used (Hiby & Lovell 1998 , Hiby 1999 . This method allows estimation of effective strip width (esw; Buckland et al. 2001) , taking into account both the availability and the perception bias (Marsh & Sinclair 1989 , Laake et al. 1997 . Synchronous recording of GPS and sighting conditions allowed the assignment of sighting locations to sections of effort completed under consistent conditions. Hence, the estimates of esw appropriate to those conditions could be applied to those sections. The subjective assessment of good and moderate conditions, assessed separately to the left and right of the transect, was used to define sections completed under consistent conditions. Further details of the application of the racetrack method are described in Scheidat et al. (2008) .
Encounter rates in each stratum were calculated by the ratio s k /L k , where s k is the total number of sightings and L k is the total number of km spent on effort in each survey month k, respectively. In order to test for significant differences in encounter rate between the 4 strata, generalised linear models GLM (McCullagh & Nelder 1989) were fitted. The Bonferroni correction was applied to lower the α value (to 0.0125) in order to account for multiple pair-wise comparisons (Zar 1998) .
For the spatial analysis in ArcGIS 8.3, a grid with a resolution of 10 × 10 km was created, corresponding to the inter-transect spacing. Grid cells with a survey effort lower than 10 km were excluded from the analysis, resulting in a single set of representative cells per season. The overall number of harbour porpoises (n i ) and the effectively searched area (EA i ) per grid cell i were determined, and mean density estimates were calculated by the ratio n i /EA i .
EA i was computed by:
where esw L is esw from the left side of the plane (km), esw R is esw from the right side of the plane (km) and L i is the effort in good or moderate conditions (km). Latitude and longitude were assigned to the centre of each grid cell when testing for inter-annual and seasonal differences in spatial distribution. The seasonal density per stratum as well as 95% confidence intervals and coefficients of variation were estimated with a non-parametric bootstrap test, using transects as sampling units (see Scheidat et al. 2008 Seasons were defined as spring (March to May), summer (June to August) and autumn (September to November). The winter months (December to February) were excluded due to low search effort. Prior to pooling, generalised additive models (GAM) were fitted (Hastie & Tibshirani 1990 , Wood 2006 ) to detect any significant spatial variation between data collected in the same season but during different years. Harbour porpoise density values were normalised applying the Z-transformation (Zar 1998 ) before running the GAMs. A quasi error distribution was found to be appropriate. Two approaches were chosen (following Wood 2006): (1), assuming a symmetric distribution in different study years but during the same season, all data were pooled and harbour porpoise density was modelled using the locational covariates latitude and longitude, and (2) an asymmetric model was applied assuming differences in spatial distribution patterns between years. Both models were compared by an analysis of variance (ANOVA). If there was no significant difference between both models, no difference between the 2 tested years was assumed. In all seasons, all but 2 pairings showed no significant spatial variation. The number of pairs without significant variation totalled 4 in spring, 8 in summer and 4 in autumn. The lower number of pairs to be tested in spring and autumn was due to a lack of coverage in Strata A, B and D in spring 2004 and autumn 2006. Pooling was appropriate as the main aim of the present study was to identify focal areas used by harbour porpoises on a regular basis.
In addition, generalised additive mixed models (GAMM) (Lin & Zhang 1999 , Wood 2006 were applied to examine latitudinal density gradients during the 3 seasons. Longitude was added as random effect factor.
To calculate GAM and GAMM, the package 'mgcv' (Wood 2006) Wind farm scenarios. In order to estimate the proportion of porpoises potentially affected during the construction of the 18 licensed wind farms, a few different scenarios were considered. Buffers were created around each of the 18 wind farm sites based on Richardson's zones of impact around an anthropogenic sound source (Richardson et al. 1995) . If buffers overlapped, only combined buffers were used. If buffers extended to Danish or Dutch waters, this area was subtracted as no data on porpoise density were collected outside German borders. The radii of buffers were chosen based on existing knowledge. In Scenario 1, no buffer was applied. In Scenario 2, a small buffer of 2 km was applied in order to account for effects close to the constructions. In Scenarios 3 and 4 (10 and 15 km buffer, respectively), empirical values from Horns Rev (Denmark), the first offshore wind farm in the North Sea, were applied. At Horns Rev, behavioural reactions (e.g. displacement) of animals 10 to 15 km away from the construction site were recorded. As no visual surveys or acoustic data logging were conducted at distances greater than 15 km (Tougaard et al. 2003) , it can be assumed that 15 km represents a minimum radius within which behavioural effects can be attributed to the construction. This, together with results of a recent temporary threshold shift (TTS) study conducted in Denmark (Lucke et al. 2009 ), is the reason we hypothesised in Scenario 5 that behavioural reactions of harbour porpoises could be triggered at even larger distances, up to 20 km away from the sound source (K. Lucke, pers. comm.) .
The underlying temporal assumption is that all 18 wind farms will be constructed at the same time. These projects represent pilot phases during which about 80 turbines (5 to 6 MW each), erected on steel multipile foundations, will be built in each field. During the following planned expansions, which will lead to an enlargement of the affected area not taken into account here, the number of turbines will increase. In Horns Rev, it took between 0.5 to 2.5 h to drive 1 pile into the bottom and 6 mo total until all 80 monopiles were founded (Tougaard et al. 2003) .
To obtain an estimate of the number of harbour porpoises potentially affected by the construction, a simplified approach was used: (1) the 18 pilot projects were assigned to the survey strata (B, C or D; see Fig. 2 ), for which seasonal densities were estimated; (2) densities were multiplied by the size of the area affected, including various buffer zones; (3) the number of potentially affected individuals was related to the estimated abundance for the total study area ('German stock') and the affected proportion calculated.
RESULTS

Survey effort and harbour porpoise sightings
During 91 survey days, 44 739 km of transect lines were surveyed within the 41 045 km 2 study area. A total of 4169 sightings of harbour porpoise groups were made on-effort. The number of sighted individuals totalled up to 5121, including 258 calves (Table 2 ). In most survey strata, encounter rates (ER) were highest during the period May to August (Fig. 3) . In Stratum D, values were highest in April, May and September. ERs in Stratum C were significantly higher (p < 0.0125) than ERs in Stratum B in May, June and August. ERs in Stratum C were significantly higher (p < 0.0125) than ERs in Stratum D during all months except in April and November.
Due to stable weather conditions, highest survey effort could be achieved during the summer months. However, it was also possible to obtain a good coverage in spring and autumn (Table 2 ). In spring and summer, more than 60% of the transects were surveyed in Beaufort sea states 0 and 1. In autumn, surveys were conducted in sea states 0 and 1 for 43% and in sea state 2 for 36% of the survey time (Table 3) .
Group sizes ranged from 1 to 6 ind. However, single individuals were sighted in 87% of all recordings in spring and in 77% in summer and autumn, respectively, resulting in an overall median group size of 1 ind. in all seasons.
Seasonal changes in distribution and density
In spring, harbour porpoise distribution was highly clumped. Two hot spot areas of particularly high densities could be detected (Fig. 4a) . Porpoise densities reached highest values in the northeastern part of the German EEZ in an area from 40 to 130 km west of the North Frisian Islands of Amrum and Sylt, in the Sylt Outer Reef (SOR, see Fig. 1 ). This large aggregation zone was consistently observed during all study years. The second, smaller aggregation was located in the southwestern part of the German EEZ, approx. 60 km offshore the East Frisian Islands, in an area called Borkum Reef Ground (BRG, see Fig. 1 ). This hot spot could be observed from 2004 onwards and only during spring. In addition, high densities were observed in the vicinity of the island of Helgoland and on the submerged Dogger Bank (Stratum A) in the most westerly part of the EEZ. Most mother-calf pairs were found in the areas of higher densities, SOR having 46% of the total observed, 25% on the Dogger Bank and 11% around both BRG and Helgoland.
In summer, a distinct north-south density gradient was observed (Figs. 4b & 5) . This was mainly due to large aggregations of harbour porpoises that were detected in the northeastern part of the German EEZ, in contrast to much lower densities south of 54°30' N. This gradient was also detected in the distribution of mother-calf pairs: more than 84% were sighted in the area of SOR.
In autumn, porpoises were more evenly dispersed throughout the study area (Fig. 4c) . There was no specific aggregation area; instead, low-density 'cold spots' were detected. Overall, highest densities occurred in the area of SOR and near the island of Helgoland. The sighting rate was lowest in comparison to spring and summer (Fig. 3) , indicating a migration of animals out of the German Bight during autumn. The harbour porpoises remaining in the area were sighted mainly (90% of all sightings) in waters east of 6°30'E, but the coverage in the offshore strata (i.e. Stratum A) was poor. In comparison to the summer months, a higher number of porpoises was detected in the waters around the East Frisian Islands, although the densities were lower than during spring. The majority (76%) of the 31 mother-calf pairs was found in the SOR area.
Abundance estimates were highest in spring (55 048 animals; 95% CI: 32 395 to 101 671) as well as in summer (49 687 animals; 95% CI: 29 009 to 96 385) and lowest in autumn with 15 394 animals (95% CI: 8906 to 29 470) ( Table 4) .
The results of the GAMMs confirmed significant (p < 0.001) spatial differences in latitudinal distribution (Fig. 5) . In all 3 seasons, a north-south density gradient was observed that was most pronounced in summer. Table 5 summarises the different scenarios. The total area occupied by the 18 licensed wind farms in their pilot phases will encompass 730 km 2 . In the first scenario, without any buffer, approx. 2% of the harbour porpoise stock in the German EEZ could be affected during construction. Within this close proximity to the sound source, individuals could suffer from hearing impairment (e.g. TTS; Lucke et al. 2009 ). The area affected by construction is largest in Stratum C and, as porpoise density is very high in this area, the estimated proportion of porpoises that could be exposed to the noise from the offshore constructions is highest in Stratum C for all scenarios in all seasons. The density in Stratum D is highest in spring and autumn (Table 4) , therefore the proportion of porpoises affected in summer is likely to be low in Stratum D. When applying the buffer of 20 km, up to 39% of the national stock could be affected (Table 5) .
Effects of offshore wind farm construction
DISCUSSION
General aspects
The data collected during this 5 yr study provide year-round information on seasonal changes in harbour porpoise density and distribution within the German EEZ in the North Sea. A consistency was shown for one of the identified hot spots: the Sylt Outer Reef (SOR) was a focal area in all study years and across all seasons. A lack of consistency was shown for the second (spring) hot spot at Borkum Reef Ground (BRG), which could not be detected before 2004. In order to evaluate the contribution of the German stock to the North Sea population, estimates of the present study were related to the recent abundance estimate for the total North Sea (SCANS II 2008). When grouping the SCANS II blocks H, L, U, V and Y (surface area: 361 073 km 2 ), to correspond as closely as possible to the borders of the putative sub-population 'Southern and Central North Sea' (IWC 2000) , the contribution of the German stock (surface area: 41 045 km 2 ) to this subpopulation is 36% in spring, 33% in summer and 10% in fall. The present study is important for all countries bordering the North Sea as information on seasonal movements and focal areas of harbour porpoises is provided and because possible effects on porpoises during the construction of offshore wind farms were quantified. In our worst case scenario, 39% of the harbour porpoise stock in German waters could be affected during construction.
Hot spot areas
The present study documents a patchy distribution, with harbour porpoises showing clear preferences for several discrete areas. Although aerial surveys cannot provide information on behavioural patterns, the observed hot spots suggest that these are areas where prey availability is high. Other top predators, like seals, were also recorded in the hot spots (Herr et al. 2009 ). Marine populations aggregate mainly during feeding, for reproduction, for protection from predators and during migration (Palacios et al. 2006) . Porpoises in the North Atlantic feed on small shoaling fish species from both demersal and pelagic habitats (Santos & Pierce 2003) . Recent analysis of stomach contents from our study area revealed that goby (Gobiidae), cod Gadus morhua, sole Solea solea, sandeel Ammodytes sp. and herring Clupea harengus are important constituents of their overall diet . Standardised fisheries data show that, within the area of SOR, the pelagic clupeids herring and sprat Sprattus sprattus are most abundant, followed by the demersal fish species dab Limanda limanda, whiting Merlangius merlangus and plaice Pleuronectes platessa (Ehrich et al. 2006) . The same species are abundant at BRG, with the exception of whiting, of which highest densities occur in the northern areas of the German EEZ (Ehrich et al. 2006) . Additionally, SOR seems to be an important habitat for sandeels as the area is targeted by the industrial fishery that generally starts at the beginning of April, yielding highest catches from May to July (ICES 2007) .
In spring, the 2 hot spots BRG and SOR seem to play an important role as key foraging areas from where porpoises spread out. In summer, the pronounced north-south density gradient could have been caused (SCANSII 2008) . In autumn, porpoises seemed to start moving out of the study area. The described seasonal pattern is also reflected in data on strandings and incidental sightings (Siebert et al. 2006) . Although a coverage of the total study area could not be achieved during winter, the few surveys in winter resulted in consistent lowest sighting rates, completing the annual cycle of distribution patterns. The density of porpoises in the southwest increased during the course of the study from 2004 onwards, mainly in spring. A second hot spot was observed at BRG. This could also explain the absence of spatial symmetry for 2 of the study years (2002 and 2003) that were checked prior to pooling. At the same time, the southern neighbouring countries Netherlands, Belgium and France were reporting an increase in harbour porpoise strandings and incidental sightings (Camphuysen 2004 , Kiszka et al. 2004 . In fact, a return of harbour porpoises to Dutch coastal waters was reported after their virtual disappearance from the area in the early 1960s (Camphuysen 2004) . A study in the area off Eastern Frisia and in parts of Dutch waters supports the results, reporting an increase in sightings from February 2004 until the beginning of May 2004 (Thomsen et al. 2006) . Besides that, the 
Occurrence of mother-calf pairs
The identification of areas where mating and calving occur may be important, as this period is of special significance in the annual life cycle of harbour porpoises. However, in the case of smaller odontocetes, there is often no clear separation between feeding and breeding areas, as opposed to most of the mysticetes (Hindell 2002) . The harbour porpoise is known to 'live life in the fast lane', i.e. all reproductive and life history traits are accelerated during their short average life span of about 10 yr (Read & Hohn 1995) . As female harbour porpoises are thought to be 'income breeders' (Sibly & Calow 1986 , Read 2001 ) and reproductive costs are significant (Lockyer 2007) , it is concluded that they must be able to continually locate areas where prey species with high energy content are abundant. The harbour porpoise exhibits strong seasonality in its reproductive cycle (Börjesson & Read 2003) , and the majority of births in our study area occur from June 6 to July 16 (Hasselmeier et al. 2004 ), shortly before mating. Occurring in high densities could have advantages for locating mates. The return to certain grounds, maybe to those where foraging was successful in the previous year, may therefore be essential in order to meet mating partners and to find enough food for the high energy demand of birth, mating and the first months of lactation (Lockyer et al. 2003) .
Potential impact of offshore wind farms
The distribution patterns of harbour porpoises presented here show considerable spatial overlap between preferred areas of porpoises and areas where offshore wind farms are licensed, most notably in the northeast and southwest of the study area. This is the first study that addresses the potential effects on harbour porpoises during windfarm construction and shows that -in the worst case -39% of the porpoise stock in the German EEZ could be affected within a 20 km zone of responsiveness. However, for this scenario, we assumed that all pile-driving for the 18 approved wind farms would occur within 1 yr. This is not totally unrealistic: according to statements of the various operators, first projects are scheduled to start construction in 2009, with others following in 2010/2011. If pile-driving was spread out over several years, a smaller percentage of porpoises may be affected each year. Although our approach of estimating the proportion of porpoises exposed to the activity is simplified, it should be seen as a pilot study that incorporates available knowledge from the few erected offshore wind farms. Ecologically, it would have been more meaningful to assess the significance of the number of porpoises exposed to disturbance in relation to an abundance estimate for the North Sea population as a whole, e.g. by incorporating estimates of the recent SCANS II survey. However, for this approach, all types of offshore activities and the construction plans of all countries bordering the North Sea would have had to be incorporated, which would have been beyond the scope of this study.
Behavioural and physiological effects on porpoises can be expected during construction (Tougaard et al. 2003 , Carstensen et al. 2006 , Weilgart 2007 . Although porpoises displaced by construction activities would not be lost to the population, they might be displaced to less suitable areas. The absence of an obvious behavioural reaction alone would not prove the absence of a response, but rather reflect the inability of measuring it. It was formerly assumed that animals Table 5 . Phocoena phocoena. Estimated number of individuals (and proportion, %) of harbour porpoises that could be exposed to noise from the construction of offshore wind farms (OWF) in the German North Sea under different scenarios (see 'Materials and methods'). Zone of impact: area around an anthropogenic sound source (after Richardson et al. 1995) : (1) zone of audibility, (2) zone of responsiveness, (3) zone of masking, (4) zone of hearing loss, discomfort or injury that move away from disturbance do so because they are more affected than those that remain. However, recent studies suggest that the departing animals may be those with sufficient condition to do so (Bejder et al. 2006 , Beale 2007 . Moreover, where disturbance is concentrated in or nearby critical habitat, animals may have no other option but to stay. An example of bottlenose dolphins (Tursiops sp.) in Australian waters showed that long-term population impacts of disturbance may occur without dramatic or even observable short-term reactions (Bejder et al. 2006) . It was not possible to include temporal scenarios at this stage, as it is not known for how long harbour porpoises may be affected. Construction of the existing large wind farms Horns Rev (North Sea) and Nysted (Baltic Sea) lasted 6 to 12 mo. In Nysted, porpoises avoided the area to a large extent, and this avoidance still persisted after 2 yr of operation, although with indications of a slow, gradual recovery (Carstensen et al. 2006) . Thus, construction impacts may not only be short-term. Especially when considering the cumulative effects of a large number of wind power projects over time, there will be installations under construction at any given time (Madsen et al. 2006 ), as the current plans in Germany clearly show.
Wind farms in the German EEZ require the approval of the Federal Maritime and Hydrographic Agency (BSH 2008) . Authorisation has to be declined if the safety and easy flow of shipping is hindered or if the marine environment is endangered (Wustlich & Heugel 2006) . Following legislation, a step-by-step expansion (pilot phase: maximum 80 turbines) is intended, where the next step (enlargement of area) presupposes a positive result with regard to environmental impacts. During and after construction of the pilot phase, the owner is obliged to carry out effect monitoring according to BSH guidelines.
Mitigation measures are widely used in order to minimise the environmental impact of big construction projects. In Germany, state of the art measures are mandatory. With respect to pile-driving for offshore windfarms, these measures could include a softstart/ramp-up procedure to allow animals to move away before the sound gets too loud (Richardson et al. 1995) , air-bubble curtains to reduce the source level of the pile-driving noise (Würsig et al. 2000) or acoustic harassment devices (AHD) (e.g. pingers, seal scarer) to 'scare' marine mammals from the vicinity of construction activity (Tougaard et al. 2003 , Carstensen et al. 2006 . However, some of these are controversial as they may lead to habituation (e.g. soft-start, AHD) or attract animals by initially weak sounds (Compton et al. 2008) .
Following the precautionary principle, we recommend temporal and spatial restrictions on the construction of new wind farms in the identified focal areas SOR and BRG: we recommend not to licence the wind farm sites currently in the approval process on the SOR and advise that construction in the BRG should not be carried out during spring, unless future surveys indicate that the spring hot spot has disappeared.
The potential cumulative effects of the construction of several wind farms in the range of the harbour porpoise has to be assessed strategically, and in certain areas through the collaboration of neighbouring countries. Other pressures on this species should also be taken into account, such as bycatch (main threat in the area), pollutants and food depletion. Future work should assess the significance of the disturbance for the population. The present study is a first step towards estimating the number of harbour porpoises that may be affected by the construction of wind farms. Although the data represent a good time series for any cetacean species in European waters covering a large area, a mobile species like the harbour porpoise might change its distribution quite dramatically within a decade (see SCANS II 2008) and, consequently, hot spots can move. Nevertheless, detailed baseline data on porpoise distribution were collected over a 5 yr study period and provide a reasonable temporal window that may be used for any before/after comparison. 
